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BACKGROUND OF THE INVENTION 

The present invention relates to a semiconductor 
circuit of the type which may be used in equipment such as a 
power converting apparatus, a driving method of the 
semiconductor circuit and a semiconductor device. 

A power converting apparatus comprises not only 
switching devices, such as MOSFETs and IGBTs (Insulated gate 
Bipolar Transistor), devices having a rectifying effect, 
such as diodes, and passive devices, such as capacitors, 
inductrances and resistors, but also wires which have a 
parasitic inductance- The power converting apparatus 
converts power by repeating the on and off states of the 
switching and rectifying devices, in which in on and off 
states, currents are flowing through and are cut off from 
the devices, respectively. As a result, a voltage rising 
abruptly to a value much higher than the power-supply 
voltage is applied to the switching and rectifying devices 
at the time the devices undergo transition from the 
on state to the off state due to the effect of 
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parasitic inductance. 

In order to prevent the devices from being 
damaged by an high voltage (a spike voltage) generated at the 
switching time, traditionally, devices having a breakdown 
voltage greater than a value obtained by estimating the 
magnitude of such a spike voltage are used, or, as an 
alternative, the spike voltage is eliminated by means of a 
snubber circuit. The use of devices having a high 
breakdown voltage entails not only a high cost but, also, an 
increased amount of incurred power loss, giving rise to an 
undesirable problem. On the other hand, the use of a 
snubber circuit for avoiding a spike voltage increases the 
number of components. As a result, the cost and the size 
of the power converting apparatus increase. 

By the way, a spike voltage is generated at the 
switching time because a current that has been flowing 
through the sv;itching device and the inductance abruptly 
decreases due to the switching operation of the switching 
device. Thus, if the abrupt decrease in current can be 
suppressed, the spike voltage can also be suppressed as 
well. In a typical method for suppressing an abrupt 
decrease in current, a Zener diode or an avalanche diode is 
employed in parallel to the switching device. When a 
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voltage applied to an avalanche diode exceeds the breakdown 
voltage thereof, a current is allowed to flow through the 
avalanche diode, avoiding an abrupt decrease in current. 

However, the use of such a diode gives rise to 
the following problem. When a current flows through an 
avalanche diode, the decrease in current flowing through a 
parasitic inductance disappears due to the fact that the 
resistance of the avalanche diode is all but zero once the 
avalanche diode has entered a breakdown state. The 
disappearance of the decrease in current, in turn, causes 
the voltage applied to the avalanche diode to decrease. As 
the voltage applied to the avalanche diode becomes lower 
than a voltage that causes the avalanche diode to enter an 
avalanche breakdown state, the avalanche diode enters an 
off state, trying to abruptly reduce a current flowing 
through the inductance. The attempt to abruptly reduce the 
current flowing through the inductance causes the avalanche 
diode to again enter an avalanche breakdown state in which 
a current can flow through it. That is to say, the voltage 
applied to the avalanche diode and the current flowing 
through it keep oscillating and the oscillation of the voltaee 
and current is a cause of the generation of electromagnetic 
noise . 
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Another method besides the technique of using an 
avalanche diode is described, for example, in a document 
called EPE Journal, Vol. 4, No. 2, June (1994), pages 8 to 
9. The method described therein is an example of 
techniques called dynamic clamping. According to 
the dynamic clamping technique, an avalanche diode is 
interposed between the collector and gate electrode of an 
IGBT, whereas a resistor is interposed bet\%^een the gate and 
emitter electrode thereof. As the collector voltage 
exceeds the breakdown voltage of the avalanche diode, a 
current flows through the avalanche diode and the resistor, 
increasing the gate voltage. The increase in gate voltage 
causes a collector current to flow through the IGBT, 
preventing a large voltage from being applied to the device. 
In this case, none the less, a problem similar to that 
encountered in the technique of using an avalanche diode as 
described above also arises. 

With the collector voltage exceeding the 
breakdown voltage of the avalanche diode, a voltage equal 
to the difference between the collector voltage and the 
avalanche-breakdown voltage is applied to the gate. That 
is to say, as the collector voltage exceeds the avalanche- 
breakdown voltage, the portion of the collector voltage 
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above the avalanche-breakdown voltage is all applied to the 
gate . 

In general, the IGBT has a collector current 
which is greatly chaneine due to a small variation in gate 
voltage so that, when the collector voltage exceeds the 
avalanche-breakdown voltage, the IGBT current increases 
abruptly. In the case of an IGBT having a breakdown 
voltage of several hundreds of volts and a rated current 
density of 200 A/cm2, for example, the saturated current 
density at a gate voltage of 15V reaches as much as several 
thousands of amperes per square cm. This implies that, 
when the collector voltage exceeds the breakdown voltage of 
an avalanche diode interposed between the collector and the 
gate by a potential of only 15V, the collector current can 
actually reach a value of several thousands ot amperes. That 

is to say, an IGBT adopting the dynamic clamping technique 
exhibits a characteristic very similar to that of an 
avalanche diode wherein, at a certain voltage, the current 
abruptly increases. For this reason, this dynamic clamping 
technique also has the same problem as that encountered in 
the example of using an avalanche diode. 

As described above, the techniques adopted in the 
conventional pov/er converting apparatus for suppressing a 
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spike voltage have problems of an increased amount of 
incurred power loss, a rising cost and generation of 
electromagnetic noise. It is thus an object of the present 
invention to provide a semiconductor circuit which is caoable of 
solving these problems, ^ technique of driving the 
semiconductor circuit and a semiconductor device, 

SUMMARY OF THE INVENTION 

The semiconductor circuit provided by the present 
invention comprises a circuit incorporating at least a 
semiconductor device and an inductance connected to the 
circuit. The semiconductor circuit is used for controlling 
a current flowing through the circuit so that the current 
is turned on and off. A voltage is applied in a current 
blocking direction between the terminals of the circuit that 
includes the semiconductor device. When the blocking- 
direction voltage is greater than or equal to a first 
voltage value ,but is smaller than or equal to a second 
voltage value, the current increases as the blocking- 
direction voltage increases. As the blocking-direction 
voltage further increases, exceeding the second voltage 
value, the current increases v^ith an increase in blocking- 
direction voltage at a rate of increase higher than a rate 
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of increase that prevails for values of the blocking- 
direction voltage greater than or equal to the first 
voltage value, but smaller than or equal to the second 
voltage value. For values of the blocking-direction 
voltage smaller than the first voltage value, only a leakage 
current flows, in substance, putting the circuit in a 
current cut-off state. 

It should be noted that, in referrine to a circuit incljjdinfj 
a semiconductor device, a wide range of circuits other 
than a circuit including semiconductor devices and other 
passive elements are implied. For example, a circuit 
including a semiconductor device can refer to a circuit 
comprising only semiconductor devices or a semiconductor 
module having semiconductor devices embedded in a case or 
having semiconductor devices embedded along with peripheral 
circuits in a case. In addition, in referring to a semiconductor 
device, a semiconductor switching device, the main control 
current of which can be controlled by a control signal, or 
a diode is meant. Furthermore, an inductance implies not 
only an inductance of a load, such as a motor, but also an 
inductance of a circuit wire. The meanings of the terms circuit, 
semiconductor device and inductance as explained above 
hold true for all configurations described below. 
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In addition, a circuit including a 
semiconductor device as described herein does not have to be a 
semiconductor circuit wherein an inductance is connected 
thereto and in which the flow of the main current can be controlled 
to on and off states. Instead, a circuit including a 
semiconductor device can be one of a variety of circuits, 
to which semiconductor devices are connected . 

the present invention also provides a technique 
for controlling the semiconductor circuit whereby a control 
signal is supplied to a semiconductor switching device 
employed in the semiconductor circuit in accordance with a 
voltage applied to the main terminals of the semiconductor 
device in a current blocking direction so that, when the 
blocking-direction voltage is greater than or equal to a 
first voltage value, but is smaller than or equal to a 
second voltage value, a main current increases as the 
blocking-direction voltage rises , and, as the blocking- 
direction voltage further rises, exceeding the second 
voltage value, the main current increases with an increase 
in blocking-direction voltage at a rate of increase higher 
than a rate of increase that prevails for values of the 
blocking-direction voltage greater than or equal to the 
first voltage value, but smaller than or equal to the second 
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voltage value. For values of the blocking-direction 
voltage smaller than the first voltage value, 
only a leakage current flows, in substance, putting the 
circuit in a current cut-off state. 

In addition, the present invention also provides 
a semiconductor device wherein, when a voltage applied to 
main terminals of the semiconductor device in a current 
blocking direction is greater than or equal to a first 
voltage value, but is smaller than or equal to a second 
voltage value, a main current increases as the blocking- . 
direction voltage rises , and, as the blocking-direction 
voltage further rises, exceeding the second voltage value, 
the main current increases with an increase in blocking- 
direction voltage at a rate of increase higher than a rate 
of increase that prevails for values of the blocking- 
direction voltage greater than or equal to the first 
voltage value, but smaller than or equal to the second 
voltage value. For values of the blocking-direction 
voltage smaller than the first voltage value, only a leakage 
current flows, in substance, putting the circuit in a 
current cut-off state. The actual structure of the 
semiconductor device having such a characteristic will 
become more apparent from a detailed description of 
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preferred embodiments given later. 

When the voltage applied to the circuit including 
the semiconductor device, the semiconductor circuit or the 
semiconductor device described above in a current blocking 
direction exceeds the first voltage value, a current flows 
in accordance with the magnitude of the blocking-direction 
voltage. This current prevents a current flowing through 
an inductance existing inside the circuit, or an inductance 
connected to the semiconductor device, from abruptly 
decreasing, gradually limiting the increase in voltage 
applied to the circuit or the semiconductor device. As the 

blocking-direction voltage is further increased, exceeding the 
second voltage value, an even larger current flows, 
abruptly limiting the increase in voltage applied to the 
circuit or the semiconductor device. 

That is to say, a differential resistance for the 
range of the blocking-direction voltage between the first 
and second voltage values is greater than a differential 
resistance for the range of the blocking-direction voltage 
above the second voltage value. It should be noted that, 
by a differential resistance, a ratio of an infinitesimal 
change in voltage to an infinitesimal change in current is 
meant. For this reason, when a voltage is induced in the 
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inductance in a switching operation of the semiconductor 
device or the like, the differential resistance for the 
range of the blocking-direction voltage between the first 
and second voltage values plays a role of absorbing energy 
accumulated in the inductance , and the differential 
resistance for the range of the blocking-direction voltage 
above the second voltage value plays a role of limiting a 
further increase in inductance voltage. As a result, 
electromagnetic noise caused by current and voltage 
oscillation and an excessive voltage leading to the 
destruction of the semiconductor device can be prevented 
from being generated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagram showing a current~vol tage 
characteristic in a blocking state of a semiconductor 
circuit or a semiconductor device to which the present 
invention is applied; 

Fig. 2(a) is a circuit diagram showing an 
embodiment implementing a circuit provided by the present 
invention , and Fig. 2(b) shows waveforms appearing at a 
variety of locations in the circuit; 

Fig. 3(a) is a circuit diagram showing another 
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embodiment implementing the circuit provided by the present 
invention , and Fig. 3(b) shows waveforms appearing at a 
variety of locations in the circuit; 

Figs. 4(a) to 4(d) are circuit diagrams used for 
explaining effects provided by the present invention; 

Fig. 5 is a circuit diagram showing a 
semiconductor circuit including an IGBT and an overvoltage 
protection circuit connected thereto , which semiconductor 
circuit implements the characteristic shown in Fig.l to an 
IGBT; 

FiRs. 6(a), 6(c), 6(d) and 6(e) are circuit diagrams of 
embodiments comprising avalanche diodes and a resistor, 
whereas Fig. 6(b) shows a current- vol tage characteristic 
between terminals A and B of the embodiments; 

Fig. 7(a) is a diagram of an insulated gate bipolar 
transistor to which the invention is applied , whereas Fig. 
7(b) is a diagram used for explaining the operation 
thereof; 

Fig. 8 is a diagram which shows another embodiment 
implementing a switching device to which the present invention 
is applied; 

Fig. 9 is a diagram which shows a reverse-direction 
current-voltage characteristic of a diode to which the present 

invention is applied; 
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Figs. 10(a) and 10(b) are diagrams which show device 
structures of a diode to which the present invention is 
applied ; 

Fig. 11 is a diagram which shows a reverse-direction 
current-voltage characteristic of a diode with a structure 
shown in Figs. 10(a) and 10(b); 

Fig. 12 is a circuit diagram of an embodiment 
implementing an actual application circuit to which the 
present invention is applied; 

Fig. 13 is a waveform diagram showing switching 
waveforms of currents and voltages appearing at a variety of 
locations in the circuit shown in Fig. 12; 

Fig- 14 is a schematic perspective view of an 
embodiment implementing a diode in accordance with the present 
invention ; 

Fig. 15 is a schematic perspective view of another 
different embodiment implementing a diode in accordance with 
the present invention; 

Fig. 16 is a schematic perspective view of a still 
other different embodiment implementing a diode in accordance 
with the present invention; 

Fig. 17 is a schematic perspective view of a still 
further different embodiment implementing a diode in 
accordance with the present invention; 



Fig. 18 is a schematic perspective view of a still 
further different embodiment implementing a diode in 
accordance with the present invention; 

Figs. 19(a) to 19(c) are diagrams which show plane 
patterns on the cathode-electrode side of a diode provided by 
the present invention; 

Figs. 20(a) and 20(b) are diagrammatic views showing 
another insulated gate bipolar transistor and diode to which 
the present invention is applied, respectively; 

Fig. 21 is a circuit diagram which shows an enibodiment 
implementing the circuit shown in Fig. 3(a) as an inverter 
circuit; 

Fig. 22(a) is a circuit diagram which shows an embodiment 
implementing the circuit shown in Fig. 5 as an inverter 
circuit and Figs. 22(h), 22(c) and 22(d) are circuit diagrams 
which show components of the circuit of Fig. 22(a); 

Figs. 23(a) to 23(c) are circuit diagrams which show an 
embodiment applying the circuit shown in Fig. 6 to an inverter 
circuit . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Figs. 1 to 4 are used for explaining embodiments 
provided by the present invention. Fig. 1 shows a current- 
voltage characteristic in a current blocking state of a 
semiconductor device or a semiconductor circuit provided by 
the present invention. Fig. 2(a) shows an embodiment of a 
circuit provided by the present invention. Fig. 2(b) shows 
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waveforms of currents and voltages appearing at a variety 

of locations in the circuit shown in Fig. 2(a). Fig. 3(a) 

shows another embodiment of a circuit provided by the 

present invention. Fig. 3(b) shows waveforms of currents 

and voltages appearing at a variety of locations in the 

circuit shown in Fig. 3(a). Figs. 4(a) to 4(c) are circuit diagrams 

used for explaining effects provided by the present 

invention . 

Notation shown in Fig. 1 is a voltage at which 
a current starts to flow in a current blocking state. 
Notation is a voltage at which the current starts to 
increase abruptly. Notation Dp shown in Fig. 2(a) is a 
diode exhibiting a current-voltage characteristic provided 
by the present invention ,whereas notation IGBT denotes a 
typical switching device having a current-voltage 
characteristic provided by the present invention. Notation 
El is a direct-current power supply. Notations Ll and L„ 
denote a parasitic inductance of a wire and the like and 
the inductance of a load, respectively. Notations denoting 
currents and voltages used in Fig. 2(b) are the same as 
those shown in Fig. 2(a). 

First of all, the fact that the current- vol tage 
characteristic shown in Fig. 1 suppresses vibration of the 



- 16 - 



current and voltage as well as avoids an excessively large 
voltage will be explained by referring to FiR . 2(a). 

When the IGBT which functions as a switching 
device is put in an off state by the gate signal Vg, the 
current flowing through the IGBT decreases abruptly. 
However, the current which has been flowing through the 
switching device IGBT is also flowing through a wire and 
the like having the parasitic inductance I»l and a load 
having the inductance Lm and, thus, can not decrease 
abruptly. Since the flywheel diode Dp is connected in 
parallel to the load having the inductance Lm^ the current 
that has been flowing through the load having the 
inductance Lm continues to flow now through the flywheel 
diode Dr as a current Iq.. Since, at that time, the current 
Id flows through the flywheel diode Dp as a forward- 
direction current, the voltage between the main electrodes 
of the load having the inductance has a low value in the 
order of a few volts. 

On the other hand, since the current that has 
been flowing through the wire and the like having the 
parasitic inductance Lt is abruptly cut off by the 
switching device IGBT, the collector voltage of the 
switching device IGBT increases. Because the switching 
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device IGBT has a cur rent-vol t age characteristic in a 
current blocking state like the one shown in Fig. 1, 
however, a current starts to flow gradually through the 
switching device IGBT as the collector voltage Vc exceeds 
the voltage value Vj . As a result, the collector voltage 
VC increases while gradually reducing its rate of increase. 
As is obvious from the current-voltage characteristic shown 
in Fig. 1, the switching device IGBT exhibits a rather 
large differential resistance for collector-voltage values 
greater than or equal to the voltage value Vi which 
differential resistance expends energy accumulated in the 
parasitic inductance Ll- 

When the differential resistance can not afford 
to use up all of the energy accumulated in the parasitic 
inductance Ll, the collector voltage Vc increases further. 
As the collector Vc exceeds the voltage value V2, the 
current flowing through the switching device IGBT abruptly 
increases at a rate greater than the rate prevailing so 
far, preventing the collector voltage Vr from further 
increasing due to the effect of the parasitic inductance 
Ll- After sustaining this state for a while, the collector 
voltage Vr starts to decrease. As the collector voltage Vc 
falls to a value smaller than the voltage value V-, the 
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energy accumulated in the parasitic inductance Ll is 
consumed by the differential resistance for values of the 
collector voltage Vc between the voltages Vi and V2, causing 
the collector voltage Vc to decrease gradually. 

As described above, in the case of a switching 
device having a current-voltage characteristic like the one 
shown in Fig. 1, energy accumulated in the parasitic 
inductance Ll is consumed by the differential resistance 
for values of the collector voltage Vc between the voltage 
values Vj and V? . As a result, unlike the conventional 
switching device, electromagnetic noise is by no means 
generated by oscillation of the current and voltage. On the 
top of that, since the collector voltage Vc is suppressed 
to a value in close proximity to the voltage value V^, the 
switching device IGBT itself and circuit components 
connected in parallel thereto can thus be prevented from 
being damaged by an excessively large voltage. 

When a gate signal V^ puts the switching device 
IGBT in a conductive state, the current that has been 
flowing through the flywheel diode Dp starts to decrease 
and, finally, a current flows in a negative direction, that 
is, from a cathode K to an anode A of the flywheel diode 
Dr. This negative current flow is attributed to movement 
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of carriers accumulated in the diode Dp. As the number of 
carriers decreases, the absolute value of the negative 
current also starts to decrease to zero. Since this 
current also flows through the wire and the like having the 
parasitic inductance Ll, the reverse-direction voltage Vd 
(or the voltage in a current blocking direction) of the 
diode Df increases with the decrease in absolute value of 
the current. As the reverse-direction voltage Vd reaches 
the voltage value Vj, a current starts to flow, gradually 
reducing the rate of increase in Vp, the reverse-direction 
voltage . 

The relation between the current and the voltage 
of the diode Dp that prevails thereafter is the same as 
that of the switching device IGBT so that there is no need 
to repeat the explanation here. As a result, also in the 
case of the flywheel diode Dr, electromagnetic noise is by 
no means generated by vibration of the current and voltage. 
Further, the flywheel diode Dp itself and 

circuit components connected in parallel thereto can thus 
be prevented from being damaged by an excessively large * 
vol tage . 

Next, another embodiment will be explained bv 
referring to Fig. 3(a) and Fie. 3(b). Here, the operation of a 
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snubber circuit to which the present invention is applied 

will be explained. During a period from a point of time ti to a 
point of time t? in which the voltage of the gate of the 
switching device IGBT is reduced to OV, a current Ii that 
has been flowing through the switching device IGBT is 

decreasing, as shown in Fie. 3(h), Since the current II is 
also flowing through the wire and the like having the 
parasitic inductance Ll as well as through an external load 
having the inductance Lh, hov/ever, the current Ix can not 
decrease abruptly. As a result, a current Ids flows 
through an inductance Ls and a diode Ds, which form a 
detour, precharging the capacitor Cs- At the point of time 
tz/ at which the current I, becomes zero, a current Im that 
was initially flowing through the switching device IGBT now 
flows through the detour as the current Ids- Therefore, at 
the point of time t?, the magnitude of the current Ids is 
equal to the current In. Since the current Ids precharges 
the capacitor Cc/ on the other hand, a voltage V,o between 
the terminals of the switching device IGBT increases 
gradually . 

At a point of time tj, at which the terminal 
voltage V,^. reaches the voltage El of the power supply, the 
diode Dr connected in parallel to the inductance load Lm is 
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turned on, causing the current Ids which has been flowing 
through the snubber diode Ds to start to decrease. 
However, the current Ids can not decrease abruptly due to 
the effect of the parasitic inductance Ll and the 
inductance Ls of a wire of the snubber circuit. As a 
result, the current Ids keeps flowing while decreasing in 
magnitude. For this reason, the voltage between the 
terminals of the capacitor Cs and the voltage Vjg between 
the terminals of the switching device IGBT exceed the 
voltage El of the power supply. 

At a point of time t^, at which the current Ids 
becomes zero, the voltage of the capacitor Cs is higher 
than the voltage El of the power supply, causing a current 
to flow from the capacitor Cs to the power supply. As a 
result, a voltage is applied to the diode Ds in the reverse 
direction. During a conductive state, carriers are 
accumulated in the diode Ds- The carriers are, however, 
swept out as a reverse-direction current. The reverse- 
direction current flows, increasing the magnitude thereof. 
At a point of time ts, the number of carriers in the diode 
Ds has decreased, creating a depletion layer in the diode 
Dc. As a result, the reverse-direction current flowing 
through the diode D5 stops increasing, and starts to decrease 
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abruptly - 

At that time, the more abrupt the decrease in 
reverse-direction current, the more the potential of the 
anode A of the diode Ds is pulled down by the inductances 
Ll and Ls- That is to say, the reverse-direction voltage 
(the voltage in the current blocking direction) Vps of the 
diode Ds increases. As the voltage Vps reaches the voltage 
value Vi, a current starts to flow, reducing the rate of 
increase in reverse-direction voltage Vos gradually. The 
relation between the reverse-direction current and the 
reverse-direction voltage of the diode Ds that prevails 
thereafter is the same as that of the switching device IGBT 
so that there is no need to repeat the explanation here. 
As a result, also in the case of the snubber diode Ds, 
electromagnetic noise is by no means generated by oscillation 
of the current and voltage. Moreover, the 

snubber diode Ds itself and circuit components connected in 
parallel thereto can be prevented from beine damaged 
by an excessively large voltage. 

The differential resistance for blocking- 
direction voltages between the first and second voltage 
values plays a role of absorbing energy accumulated in the 
parasitic inductance , whereas the smaller differential 
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resistance for blocking-direction voltages above the second 
voltage value V2 plays a role of limitinc a further increase 
in voltage. In the case of the present embodiment, 
however, it is not always necessary to provide the second 
voltage value and to reduce the differential resistance for 
blocking-direction voltages above the second voltage value. 
In the case of a circuit comprising elements which can well 
stand against a breakdown voltage, for example, it is not 
necessary to provide a means for limiting the increase in 
voltage and, thus, it is not always necessary to reduce the 
differential resistance for blocking-direction voltages 
higher than the second voltage value. 

Since the differential resistance for blocking- 
direction voltages higher than the first voltage value 
absorbs energy accumulated in the parasitic inductance, it 
is most desirable to set the differential resistance at a 
value that can well suppress vibration of the voltage and 
current. Next, the most desirable value of the 
differential resistance for blocking-direction voltages 
higher than the first voltage value will be explained by 
referring to Fig. ^(a) through Fig. A{d). 

For example, when the switching device IGBT is 
turned off, it equivalently appears as a capacitor. The 
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oscillation of the voltase and current results from a 
resonance phenomenon caused by the parasitic inductance Ll 
of the wire and the like and the equivalent capacitance of 
the turned-off switching device IGBT. Typically, the 
switching device IGBT is made of a semiconductor and when a 
depletion layer widens inside the switching device, the 
circuit current is cut off. With the depletion layer 
widened, the switching device IGBT functions as a capacitor 
which causes- a resonance phenomenon along with the 
inductance existing in the circuit. Thus, in order to 
prevent the resonance phenomenon from occurring, it is 
necessary to provide a resistive component while the 
inductance is accumulating energy so that the switching 
device IGBT does not fully function as a capacitor. 
The current-voltage characteristic of the present invention 
shown in Fig. 1 addresses this problem, indicating that the 
switching element IGBT has a resistive component at 
blocking-direction voltages higher than the first voltage 
value V]^. 

In the semiconductor circuit shown in Fig. A(a), 
there are three circuit loops that give rise to resonance 
phenomena. The first circuit loop causes a resonance 
phenomenon when the switching device IGBT transits from an 
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on state to an off state. This first circuit loop 
comprises the power supply El, the parasitic inductance hi, 
the flywheel diode Dp that does not produce a voltage drop, 
the load inductance Lm and the switching device IGBT. This 
first circuit loop can be represented by an equivalent 
circuit like the one shown in Fig. 4(b). As is shown in 
the figure, the equivalent circuit does not include the 
power supply El because the power supply El does not have 

an effect on a hi^h-f requency oscillation phenomenon, such as 
resonance. Notation R shown in the figure denotes the 
resistance of the wire, whereas notation Ri is the resistive 
component for blocking-direction voltages higher than the 
first voltage value . In this way, the resistance is 
connected in parallel to the capacitor d inherently 
existing in the switching device IGBT. The resistance Ri 
absorbs energy accumulated in the parasitic inductance Ll, 
playing a role of suppressing vibration of the current and 
voltage . 

The second circuit loop gives rise to a 
resonance phenomenon when the switching device IGBT 
transits from an off state to an on state. At that time, 
the flywheel diode Dr exhibits a recovery characteristic, 
eventually appearing as a capacitor which causes a 
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resonance phenomenon in conjunction with the parasitic 
inductance L^. This second circuit loop comprises the 
power supply El, the parasitic inductance Ll/ the flywheel 
diode Dr and the switching device IGBT. This second 
circuit loop can be represented by an equivalent circuit 
like the one shown in Fig. 4(c). As is shown in the 
figure, the second circuit loop comprises the parasitic 
inductance Ll, a capacitance Cdf which the flywheel diode Df 
inherently has, a differential resistance Rdf which the 
flywheel diode Dp has for blocking-direction voltages 
higher than the first voltage and a resistance R of 
the wire and the switching device IGBT. Also, in the case 
of the second circuit loop, its equivalent circuit shown in 
Fig. 4(c) has exactly the same configuration as that shown 
in Fig. 4(b). The differential resistance Rdf developed 
for blocking-direction voltages higher than the first 
voltage value suppresses oscillation of the current and 
voltage . 

The third circuit loop gives rise to a resonance 
phenomenon produced by the snubber circuit after some time 
has lapsed since the transition of the switching device 
IGBT from an on state to an off state. After some time has 
lapsed since the turning-off of the switching device IGBT, 
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the voltage of the snubber capacitor Cs becomes higher 
than the voltage El of the power supply due to the effects 
of the parasitic inductance Ll and a parasitic inductance 
Ls of the snubber circuit. As a result, a current starts 
to flow from the snubber capacitor Cs to the power supply 
via the snubber diode Ds, causing the snubber diode Ds to 
eventually appear as a capacitor which causes a resonance 
phenomenon in conjunction v/ith the parasitic inductances Ll 
and Ls- As shov;n in Fig. 4(a), the snubber circuit 
includes the snubber resistor Rs and the snubber capacitor 
Cs- Since a parasitic inductance Lr is connected in series 
to the snubber resistor Rs, however, the snubber resistor 
Rs is not included in the equivalent circuit due to the 
fact that the impedance of the inductance Lr is large for 
the resonance phenomenon. In addition, being much larger 
than the capacitance of an ordinary snubber diode, normally 
1,000 to 10,000 times as much, the snubber capacitor Cs is 
also excluded from the equivalent circuit as well. 

For the reasons described above, a circuit shown 
in Fig. 4(d) is obtained as an equivalent circuit of the 
third circuit loop. Notation R shown in the figure denotes 
the parasitic resistance of the wire and the snubber 
capacitor , whereas reference notation Cr.s is the capacitance 
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that the snubber diode Ds inherently has. Notation Kds is a 
differential resistance for blocking-direction voltages 
higher than the first voltage value. Notation Ls is the 
parasitic inductance and also includes the parasitic 
inductance Ll- Much like the equivalent circuit shown in 
Fig. 4(d), the differential resistance Rds developed for 
blocking-direction voltages higher than the first voltage 
value Vi also suppresses oscillation of the current and voltage. 

Next, both the existence of the differential 
resistors Rj, R df/ ^i^d R ps for suppressing the 
resonance phenomena generated by the parasitic inductances 
and a range of most effective values of the differential 

resistors Rj , Rdf and Rog for suppressing the oscillation will be 
explained. The explanation is given with reference to Fig. 
4 (b) . 

The differential resistance Ri for blocking- 
direction voltages higher than the first voltage value 
exhibits an effect of suppressing a resonance phenomenon 
when the differential resistance Rj has a value smaller 
than the impedance of the capacitor Cx that the switchinc 
device IGBT basically includes. That is to say, when a> is the 
resonance frequency of the equivalent circuit shov/n in Fig. 
4 (b) , the following equation can be established: 
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Ri ^ l/o) Ci 



(Exp. 1) 



On the other hand, in the range where the value 



of the differential resistance Ri is smaller than the 
electrical resistance R of the wire, the effect of the 
differential resistance Rj on the suppression of the 
resonance phenomenon is also smaller than that of the 
electrical resistance R. It is thus necessary to have a 
differential resistance Ri with a value greater than the 
electrical resistance R. For these reasons, in order to 
effectively suppress the resonance phenomenon, it is 
necessary to have a differential resistance Rj with a value 
set in the following equation: 

R ^ Ri ^ 1/ C, (Exp. 2) 

An actual value of the resonance frequency oy is 
found from Fig. 4(b), Since the resonance frequency oj 
determines the upper limit of the differential resistance 
Ri, the electrical resistance R of the wire can be ignored 
in finding the resonance frequency o) . That is to say, the 
value of the resonance frequency oj is found by solving the 
follov/ing differential equations: 



Lu(dir/dt) +LL(di,/dt) + (1/Ci) I icdt = 0 



(Exp. 3) 



(l/C) J i,dt = ir • Rr 



(Exp. 4) 



Solving the above differential equations yields a 
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resonance frequency co expressed by the following equation: 
CO = (1/(Ll • O- (1/4) {1/ (R, • Ci) }']^^' (Exp. 5) 

Substituting the above expression into Exp. 2 
results in a range of the differential resistor Ri as 
follows : 

R ^ Ri ^ {(5/4) • (WCa)}''' (Exp. 6) 

As described above, the current-voltage 
characteristic shown in Fig. 1 is effective in the 
suppression of the resonance phenomenon. Next, an 
embodiment for implementing the cur rent- vol tage 
characteristic shown in Fig. 1 will be explained in concrete 
terms as follows. 

Fig. 5 shows a semiconductor circuit employing a 
switching device IGBT, which circuit exhibits the current- 
voltage characteristic, shown in Fig. 1. As shown in 
Fig. 5, the semiconductor circuit includes the switching 
device IGBT and an overvoltage protection circuit connected 
to the switching device IGBT. Even though the switching 
device shown in the figure is an IGBT, in the case of this 
embodiment, the switching device does not have to be an 
IGBT. Another switching device that shows a saturation 
characteristic, such as a MOSFET,can also be. employed as the 
switching device as well. In this embodiment, the 
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overvoltage protection circuit comprises avalanche diodes 
ZDl, ZD2 and ZD3 and resistors Rl to R3 . The avalanche 
diodes ZDl and ZD2 are selected so as to satisfy the 
conditions Vi ^ V?, where Vj and V? are the breakdown 
voltages of the avalanche diodes ZDl and ZD2, respectively. 
The avalanche diode ZD3 is incorporated to prevent a high 
voltage from being applied to the gate electrode of the 
switching device IGBT. The breakdown voltage of the 
avalanche diode ZD3 is set at a value lower than the 
withstand voltage between the gate and emitter electrodes. 
In the case of a switching device with a breakdown voltage 
in the range of several hundreds to several thousands of 
volts, it is desirable to set the breakdown voltage of the 
avalanche diode ZD3 to a typical value in the order of 30V. 

When a gate signal generated by a gate driving 
circuit goes below the threshold voltage of the switching 
device IGBT, the switching device TGBT enters an off state, 
raising the collector voltage Vc thereof. As the collector 
voltage Vc of the switching device IGBT becomes equal to 
the breakdown voltage value Vj of the avalanche diode ZDl, 
a current flov;s through the avalanche diode ZDl, raising 
the voltage V:. of a point A shown in the figure. An adder 
outputs a voltage equal to the sum of the voltage Va and 
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the threshold voltage of the switching device IGBT. The 
voltage output by the adder is applied to the switching 
device IGBT through a buffer amplifier comprising a 
transistor and a diode. As the collector voltage Vc 
reaches the first voltage value Vj, a collector current 
starts to flow. It should be noted that the adder can be 
of any configuration. Typically, an adder employing a 
generally known operational amplifier is used. The 
transistor is employed for reducing the output impedance of 
the overvoltage protection circuit and for increasing the 
gate control power for controlling the switching device 
IGBT. Another device can be used as a substitute for the 
transistor as long as the device has sufficient control 
power . 

In the embodiment provided by the present 
invention, the voltage Va at the point A is determined by 
the ratio of the resistance of the resistor Rl to the 
resistance of the resistor R3 and has the relation as expressed 
by the following equation: 

V;, = {R3/{R1+R3)) • v.: = a • (Exp. 7) 

where notation V.^ is the collector voltage. 

Accordingly, the gate voltage Vr. is given by Exp. 8 
as follows: 



- 33 - 



Vg = V;, + V,H = {R3/(R1 + R3) } • Vc+V,h = a • Vc+V^h 

(Exp. 8) 

VJhat is indicated by the above equation is that, 
once the collector voltage Vc has exceeded the first 
voltage value Vi, the rate of increase of the gate voltage 
Vg of the switching device IGBT can be controlled by 
varying a resistance ratio a used in Exp. 7. In addition, 
since the rate of increase of the gate voltage Vq can be 
reduced by decreasing the resistance ratio a, the gate 
voltage Vq by no means increases abruptly as is the case 
with the conventional dynamic clamping technique. The 
saturated value Icsat of the collector Ic is expressed by 
the following equation: 

Icsat = g(VG-V,J^ (Exp. 9) 

where notation g is a constant determined by the structure 
of the device. Substituting Exp. 8 into Exp. 9 results in 
Exp. 10 as follows: 

I,3et = g • a ^ • Vc' (Exp. 10) 

In the embodiment, the resistance ratio a can be 
determined freely. By setting the resistance ratio a at a 
sufficiently small value, a collector current that 
gradually increases with the collector voltage Vn can thus 
be obtained. 
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As the collector voltage Vc further increases so 
that the voltage applied to the avalanche diode ZD2 attains 
the breakdown voltage value V? thereof^ the avalanche diode 
ZD2 enters a conductive state, raising the rate of increase 
of the voltage Va at the point A. The voltage Va which 
appears at the point A after the breakdown voltage value V2 
is exceeded is expressed by the following equation: 

Va = (R3/ { (Rl • R2) / (R1 + R2) +R3} ] • Vc = i3 • Vc (Exp. 11) 

Thus, the collector current IC is expressed by 
the following equation: 

Icsat = g • /3 ^ • Vc' (Exp. 12) 

Since the relation a ^ i3 always holds true for 

a and jS, which are determined by the resistance ratios, 

the rate of increase of the collector current Ic for 

collector voltages higher than the breakdown voltage V? is 

greater than the rate of increase for collector voltages 

between the first and second voltage values Vi and Vj . As 

a result, the voltage-current characteristic of Fig. 1 can 

be realized. It should be noted that, even though the 

circuit shown in Fig. 5 does not include a snubber circuit, 

a circuit configuration incorporating a snubber circuit 

will also work as well without giving rise to any problems. 

Fig. 6(a) and Figs, 6(c) through 6(e) 
show embodiments of circuits employing 
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diodes and a switching device, which circuits can be used 
for implementing the current-voltage characteristic 
depicted in Fig. 1. The diode circuits shown in Figs. 
6(a), 6(c) and 6(d) can be used as a diode for obtaining 
the current-voltage characteristic shown in Fig. 1, whereas 
the circuit of Fig. 6(e), which comprises an ordinary IGBT 
and one of the diode circuits connected in parallel to the 
IGBT , can serve as a switching device for obtaining the 
current-voltage characteristic shown in Fig. 1. 

An embodiment with a configuration comprising 
avalanche diodes ZD61 and ZD62 and a resistor R61 is shown 
in Fig. 6(a), whereas a current- vol t age characteristic 
between terminals A and B of the embodiment is shown in 
Fig. 6(b). The avalanche breakdown voltage of the 
avalanche diode ZD61 is set at the first voltaee valup Vi. 
while the avalanche breakdown voltage of the avalanche 
diode ZD62 is set at the second voltaee value V2. When the 
voltage V between the terminals A and B reaches the first 
voltage value Vj, a current flows through the avalanche 
diode ZD61 . Since the current experiences the resistance of 
the resistor R61, the rate of increase of the current I 
between the terminals A and B is moderate. When the 
voltage V between the terminals A and B further increases. 
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attaining the second voltage value V?, a current flows 
through the avalanche diode ZD62. At that time the current 
I abruptly increases. In this way, the circuit shown in 
Fig. 6(a) also results in the same current-voltage 
characteristic as the one shown in Fig. 1. The operation 
of the circuit shown in FiR. 6(c) should be apparent, and so 
it is omitted here. It should be noted, however, that the 
circuit shown in Fig. 6(c) also provides a current-voltaee. _ 
characteristic similar to thf> one shown in Fig. 6(b). 

In addition, the differential resistance for 
blocking-direction voltages greater than the second voltage 
value V2 can have any value greater than zero as long as 
the value is smaller than the differential resistance for 
blocking-direction voltages between the first and second 
voltage values Vi and . Such differential resistances 
can be implemented typically by the circuit shown in Fig, 
6(d). It is required, however, that the resistance of a 
resistor R61 be equal to or greater than the resistance of 
a resistor R62. In addition, a modified configuration of 
the circuit shown in Fig. 6(d) in which the anode terminal 
of the avalanche diode ZD62 is connected to the junction 
point between the resistor R61 and the avalanche diode ZD61 
will also work as well. On the top of that, it is needless 
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to say that any of these circuits, each having a 
configuration comprising resistors and diodes, can be 
connected in parallel to another device or circuit, such as 
a switching device like an IGBT or a diode* to form a 
parallel circuit configuration like the one shown in Fig. 
6(e), which parallel circuit configuration will also work as 
well . 

The current-voltage characteristic shown in Fig. 
1 can also be implemented in the structure of a 
semiconductor device itself, such as a switching device or a 
diode. An embodiment of such a semiconductor device will be 
described with reference to Fie. 7(a) and Fig. 7(b). An IGBT 
serving as a switching device to which the present invention is 
applied is shown in Fig. 7(a). Fie. 7(b) is a diagram used for 
explaining the ODer^^tion of t-hf^ TCRT .c:hnwn in FiR. 7(a). In the 
case of the present IGBT. a so-called collector-.dhorr structure 
is adopted on the collector side. 

When a positive voltage is applied to a collector 
electrode 78 of the IGBT with the gate voltage set at a 
value lower than the threshold voltage, a depletion layer 
791 widens from a junction Jl between a P* conductivity type 
semiconductor region 75 and an N" conductivity type 
semiconductor layer 79 toward the collector electrode 78. 
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Since the P* conductivity type semiconductor layer 77 is 
protruding more than the N* conductivity type semiconductor 
layer 76 is, the depletion layer 791 reaches the P* 
conductivity type semiconductor layer 77 first. As the 
depletion layer 791 reaches the P* conductivity type 
semiconductor layer 77 of the collector electrode 78, holes 
792 start to flow from the P* conductivity type semiconductor 
layer 77 to an emitter electrode 73. That is to say, at a 
voltage value Vi at which the depletion layer 791 reaches 
the P* conductivity type semiconductor layer 77, a current 
starts to flow. 

When the collector voltage is further increased, 
the number of holes injected from the P* conductivity type 
semiconductor layer increases, raising the collector 
current little by little. Since the holes 792 create 
electrons and holes at a location in close proximity to the 
junction Jl in the depletion layer where the electric field 
has a maximum intensity, the created electrons and holes 
further generate electrons and holes in the depletion layer 
as the number of holes 792 reaches a certain value. As a 
result, the number of electrons and holes increases 
abruptly, giving rise to a so-called avalanche breakdovm. 
The collector voltage at v^hich the avalanche breakdown 
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occurs is the voltage V^. 

In this way, with the present embodiment, the 

current-voltage characteristic shown in Fig. 1 can also be 

obtained as well, allowing the use of a device provided by 

the present invention to suppress the occurrence of a 

resonance phenomenon of the current and voltage and to 

prevent an excessively large voltage from being generated. 

It should be noted that the layers 74 and 76 are N* 
conductivity type layers, as described above, while reference 

numeral 72 is an isolation film made of silicon oxide or 
the like. 

TVnother embodiment of the switching device 
provided by the present invention is shown in Fig. 8. Much 
like the embodiment shown in Fig. 7(a), the present embodiment 
also has a anode-short structure identical with that shown 

in Fig. 7(a). In the case of this device, when a voltaee 
higher than the threshold voltage is applied to a gate 
electrode 83, an N' conductivity type semiconductor layer 
841, an N* conductivity type semiconductor layer 842, an N* 
conductivity type semiconductor layer 843 and an N' 
conductivity type semiconductor layer 89 are linked by an n' 
type inversion layer, causing electrons to be injected from 
the N* conductivity type semiconductor layer 843 and holes to 
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be injected from a P* conductivity type semiconductor layer 
87 to the N" conductivity type semiconductor layer 89. In 
this state, a turn-on operation is carried out. As the 
voltage applied to the gate electrode 83 is reduced to a 
level lower than the threshold voltage, on the other hand, 
the n-type inversion layer is closed, halting the injection 
of electrons and holes at the same time. In this state, 
the switching device 8 is turned off. 

By the way, when the switching device 8 
implemented by the present embodiment is in an off state, 
applying a positive voltage to an anode electrode 88 will 
cause a depletion layer to widen from a junction J82 
between a P* conductivity type semiconductor layer 85 and an 
N" conductivity type semiconductor layer 89 and a junction 
J81 betv/een a P* conductivity type semiconductor layer 82 and 
an N" conductivity type semiconductor layer 89 toward the 
anode electrode 88. As the depletion layer reaches a P* 
conductivity type semiconductor layer 87, holes are injected 
toward a cathode electrode 832. The number of injected 
holes increases with an increase in anode voltage. That is 
to say, the anode current increases with an increase in 
anode voltage. As the anode voltage reaches the voltage 
value V>, an avalanche breakdown occurs due to the injected 
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holes at a location in close proximity to the junction J81 
as is the case with the embodiment shown in Fig. 7(a). As a 
result, the anode current increases abruptly. In this way, 
with the present embodiment, the current-voltage 
characteristic shown in Fig. 1 can also be obtained as 
well, allowing the use of the device implemented by the 
present embodiment to suppress the occurrence of a 
resonance phenomenon of the current and voltage and to 
prevent an excessively large voltage from being generated. 

Figs. 9 to 13 are views used for explaining 
embodiments provided by the present invention. Fig. 9 
shows a reverse-bias range of a diode in which the present 
invention is implemented. Fig. 10(a) shows a cross- 
sectional structure of a diode implemented by an embodiment 
in accordance with the present invention. Fi^. 10(b) is a diagram 
which shows a cross-sectional structure of the diode shown in Fig. 
10(a), which diagram is used for explaining the operation 
of the diode. Fig. 11 shows a typical calculation result 
of the reverse-direction current-voltage characteristic 
exhibited by the diode shown in Figs. 10(a) and 10(b). 
Fig. 12 shov/s a circuit in which the present invention is 
implemented. Fig. 13 shows current and voltage waveforms 
appearing at a variety of locations in the circuit shown in 
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Fig. 12. Notation Vp shown in Fig. 9 is a reverse- 
direction voltage at which a depletion layer 28 in the 
diode shown in Figs. 10(a) and 10(b) punches through a p* 
conductivity, type semiconductor layer 25 whereas notation Vb 
denotes a reverse-direction voltage at which an avalanche- 
breakdown phenomenon occurs in the diode due to a hole 
current 29. Reference numeral 2 in FiR. 10(a) Renerallv 
designates an embodiment implementing a diode in accordance with the 
present invention. Reference numerals 27 and 22 are an n' 
conductivity type semiconductor layer and a p* conductivity 
type semiconductor layer also referred to hereafter as 1st 
and 2nd semiconductor layers , respectively . Reference 
numeral 23 is a p" conductivity type semiconductor layer. 
Reference numerals 24 and 25 are an n' conductivity type 
semiconductor layer and a p* conductivity type semiconductor 
layer also referred to hereafter as 4th and 3rd 
semiconductor layers, respectively . Reference numerals 21 
and 26 are anode and cathode electrodes also referred to 
hereafter as 1st and 2nd main e lectrodes , respect ively . In 
addition, reference numerals 28 and 29 shown in Fig. 10(b) 
are a depletion layer and a hole current caused by a punch- 
through , respective! y . Notation El shown in Fig. 12 denotes 
a direct-current power supply , whereas notations Ll and Ls 
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are inductances of wires and the like. Notation Lm is the 
inductance of a load, such as a motor and the like, while 
notation Rs denotes a resistor. Notation Cs is a capacitor 
whereas the notation IGBT (Isolated Gate Bipolar Transistor) 
designates a typical switching device. Notations Dp and Ds are 
diodes having a strurrtii-r^^ cthn^rn ip Figs. 3 Of;:}) ;qr>H 10(h), 
Notations denoting currents and voltages used in Fig. 13 
designate the same currents and voltages as those shown 
in Fig. 12. 

In the present embodiments^ a soft recovery 
characteristic is obtained because the diode has a reverse- 
direction current-voltage characteristic, as shown in Fig. 9, as 
will be described later. However, prior to the explanation of 

embodiments provided by the present invention, description will 

first be given of a diode with a structure shown in Figs. 10(a) 
which 

and 10(b)/has a reverse-direction current-voltage characteristic 
as shown in Fig • 9 . 

When a voltage is applied to the diode shown in 
Figs. 10(a) and 10(b) in the reverse direction, that is, 
when the anode and cathode electrodes 21 and 26 are set at 
negative and positive potentials, respectively, the 
depletion layer 28 widens from a junction Jl between the n- 
conductivity type semiconductor layer 27 and the p' 
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conductivity type Semiconductor layer 22. In the structure 
shown in Figs. 10(a) and 10(b), it is assumed that the 
impurity concentration of the n' conductivity type 
semiconductor layer 27 is sufficiently small in comparison 
with that of the p* conductivity type semiconductor layer 22 

to cause the depletion layer 28 to widen to the n" 
conductivity type semiconductor layer 27. Since the width of 
the depletion layer 28 increases with the voltage applied 
in the reverse direction, applying a sufficiently large 
voltage in the reverse direction will cause the depletion 
layer 28 to reach a junction J2 between the n" conductivity 
type semiconductor layer 27 and the p* conductivity type 
semiconductor layer 25. As the depletion layer 28 reaches 
the junction J2, a hole current 29 from the p* conductivity 
type semiconductor layer 25 starts to flow in the depletion 
layer 28 because a positive voltage relative to the anode 
electrode 21 is applied to the cathode electrode 26. The 
voltage applied in the reverse direction at that time is 
denoted by notation Vp in Fig. 9. As the voltage applied 
in the reverse direction is further raised, the magnitude 
of the flov/ing hole current 29 increases with an electric 
field in the depletion layer 28, causing the reverse- 
direction current to rise gradually. The hole current 29 
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generates electrons and holes at a location in close proximity 
to the junction Jl having the strongest electric field in the 
depletion layer 28. The generated electrons and holes 
further generate electrons and holes in the depletion layer 
28 as the magnitude of the hole current 29 attains a 
certain value^ causing the number of electrons and holes to 
increase abruptly in a phenomenon referred to as a so- 
called avalanche breakdown. The voltage at which this 
avalanche-breakdown phenomenon occurs is denoted by 
notation Vg . In the case of a diode having a structure 
with neither the p* conductivity type semiconductor layer 25 
existing nor the so-called punch- through current flowing, 
only electrons and holes generated by thermal excitation in 
the depletion layer serve as a trigger of the occurrence of 
an avalanche breakdown at a location in close proximity to 
the junction Jl . Accordingly, the number of electrons and 
holes triggering the avalanche breakdown in such a diode is 
much smaller than that in the embodiment, requiring a 
stronger electric field for causing an avalanche breakdown. 
As a result, the reverse-direction voltage causing an 
avalanche breakdown is higher than that for the diode with 
a structure including the p' conductivity type semiconductor 
layer 25 ,as is shown in Figs. 10(a) and 10(b). 
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In the case of the diode implemented by the 
embodiment, by driving the diode with a voltage equal to or 
higher than the reverse-direction voltage which causes the 
reverse-direction current to start to flow due to a punch- 
through, a soft reverse recovery characteristic, 
can be obtained. 

The reverse-direction voltage Vp at which the 
punch- through current starts to flow has to be equal to or 
lower than the avalanche-breakdown voltage Vgo of the 
junction Jl with no punch- through current flowing. This is 
because, for a reverse-direction voltage Vp equal to or 
qreater than the avalanche-breakdown voltaqe 

vbo/ an 

avalanche-breakdown phenomenon would occur before a punch- 
through current flows. Next, a condition for a punch- 
through voltage Vp having a magnitude smaller than that of 
the avalanche-breakdown voltage Vbo will be described. 

Since the electric field in the depletion layer 
becomes a maximum at a junction point on the junction Jl, 
the avalanche-breakdown voltage Voq is determined by the 
electric field i at this point, which is given by the 
fol lowing equa t ion : 

i = q • Q/ f e (Exp. 13) 

where notation q is the amount of electric charge of an 



- 47 - 



electron, notation Q is the number of impurities per unit 
area in one of the depletion layers widenine in two directinn.c 
with the junction Jl taken as a center and notation i s is 
the dielectric constant of the semiconductor material. In 
the case of a diode having a structure like the one shown 
in Figs- 10(a) and 10(b), for example, the electric 
field E p when the depletion layer reaches the P* conductivity 
type semiconductor layer 25 is given by the following 
equation : 

P = q • (Qp) / £ s (Exp. 14) 

where notation Qp is the number of imxyuriti.RR per unit area 
in the N" conductivity type semiconductor layer 27 . 

In the case of a diode having a structure with 
no punch- through current flowing, on the other hand, an 
avalanche-breakdown phenomenon occurs when the electric 
field at locations in close proximity to the junction Jl 
reaches an electric field f m which gives rise to a 
normal avalanche breakdown. Accordingly, the current- 
voltage characteristic shown in Fig. 9, wherein a punch- 
through current flows at a blocking-direction voltage lower 
than the avalanche-breakdown voltage, is obtained when the 
electric field i ^ on the junction Jl expressed by Exp. 14 
is smaller than the avalanche-breakdown electric field i „>. 
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The condition as expressed by the following equation is 
required : 

£ P = q • (Qp) / I i ^ (Exp. 15) 

Accordingly, in order to make the punch-through 
voltage Vp lower than the avalanche-breakdown voltage Vbo/ 
it is necessary to suppress the number of impurities Qp in 
the N- conduction type semiconductor layer 27 between the 
junctions Jl and 32, which may be satisfied with the 
following : 

Qp ^ ( f • ( f s)/q (Exp. 16) 

In the case of silicon, f „, = 3 X 10^ [V/cm] , 
I ^ = 1.054 X 10-'^ [F/cm] and q = 1.602 X 10"^^ [C] . 
Substituting these values to Exp* 16 results in the 
following: 

Qp ^ 1.974 X 10^^ {cm"^^) (Exp. 17) 

Accordingly, it is necessary for the number of 
impurities Qp to satisfy the above expression. 

A typical calculation result of the reverse- 
direction current-voltage characteristic of the diode shown 
Figs. 10(a) and 10(b), which diode satisfies Exp. 17, is 
depicted in Fig. 11. As shown in Fig. 11, three regions 
are observed: (1) a reRion with no reverse-direction current 
flowing or a region with the voltage Vo in the range 0 to 
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2, 300 V, (2) a region with a reverse-direction current 
gradually increasing or a region with the voltage Vb in the 
range 2,300 to 3,300 V and (3) a region with the reverse- 
direction current increasing abruptly or a region with the 
voltage Vg approximately equal to 3,300 V. The distance 
from the junction Jl to the junction J2 is 400 ix m and the 
impurity density of the N" conductivity type semiconductor 
layer 27 is 1.9 X 10^' cm"^. The ratio of the area of the 
P* conductivity type semiconductor layer 25 to the area of 
the conductivity type semiconductor layer 24 is 1/2. In 
the case of a diode satisfying these conditions, the number 
of impurities Qp in the N* conductivity type semiconductor 
layer between the junctions Jl and J2 is given by the 
following : 

Qp = 1.9 X 10'^ X 400 X 10~' = 7.6 X 10^^ (cm^^) 

(Exp. 18) 

a value satisfying Exp. 17 given above. 

In addition^ the relationship in the above 
equations (13 to 17) is similarly established with respect 

to an IGBT, also, to which the present invention is applied. 

Next, the present embodiment will be explained in 
detail by referring to the circuit shown in Fig. 12 as well 
as the current and voltage v-^aveforms shown in Fig. 13. 
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Here, the operation of a snubber circuit is 
explained. During a period from a point of time tl to a 
point of time tp in v;hich the gate voltage Vg of a 
switching device IGBT is reduced to 0 V, as shown in Fig. 
13, a current It that has been flowing through the 
switching device IGBT is decreasing. However, the load 
current flowing through an external load, such as a motor 
having the inductance Lm ,can not decrease abruptly. As a 
result, a current Ids flows through an inductance Ls and a 
diode Ds, precharging the capacitor Cs . At the point of 
time t? at which the current It becomes zero, a current Im 
that was initially flowing through the switching device 
IGBT now flows through the detour as the current Ids- 
Therefore, at the point of time t?, the value of the 
current Ids is equal to the current Im- Since the current 
Ids precharges the capacitor Cs, on the other hand, a 
voltage Vjg between the terminals of the switching device 
IGBT increases gradually. 

At a point of time t^ at which the terminal 
voltage V,r; reaches the voltage El of the power supply, the 
diode Dr connected in parallel to the inductance load Lm is 
turned on, causing the current Irs which has been flowing 
through the snubber diode Dc to start to decrease. 
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However, the current Ids can not decrease abruptly due to 
the effect of the inductance Ls of the wire of the snubber 
circuit. As a result, the current Ids keeps flowing while 
decreasing in magnitude. For this reason, the voltage 
between the terminals of the capacitor Cs and the voltage 
ViG between the terminals of the switching device IGBT 
exceed the voltage El of the power supply. 

At a point of time t4 at v/hich the current Ids 
becomes zero, the voltage of the capacitor Cs is higher 
than the voltage El of the power supply, causing a current 
to flow from the capacitor Cs to the power supply. As a 
result, a voltage is applied to the diode Ds in the reverse 
direction. During a conductive state, carriers are 
accumulated in the diode Ds - The carriers are, however, 
swept out as a reverse-direction current. The reverse- 
direction current flows with increasing magnitude. 
At a point of time t5, the number of carriers in the diode 
Dc has decreased, creating a depletion layer from the 
junction Jl shown in Fig. 10(a). As a result, the reverse- 
direction current flowing through the diode Dc stops 
increasing, and starts to decrease abruptly instead. At that 
time, the more abrupt the decrease in reverse-direction 
current, the more the potential of the anode A of the diode 
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Ds is pulled down by the inductances Ll and Ls . That is to 
say, the voltage Vds between the terminals of the diode Ds 
substantially sv^ings to the negative direction. The 
increase in inter-terminal voltage Vj)<; in the negative 
direction causes the current flowing through the diode Ds 
in the reverse direction to increase. As the current 
flowing through the diode Ds in the reverse direction 
increases, however, the reverse-direction voltage decreases 
due to the effects of the inductances Ls and Lm. When the 
current flowing through the diode Ds in the reverse 
direction decreases, on the other hand, the reverse- 
direction voltage increases because of the effects of the 
inductances Ls and Lm. In this way, a resonance phenomenon 
occurs due to a combination of the inductances Ls and Ll 
and the capacitor. The resonance phenomenon becomes not 
only a source of electromagnetic-noise genera tion , but also 
becomes a cause of circuit malfunction. In Fig. 13, the 
resonance phenomenon is shown by a dotted line. 

The embodiment implementing a circuit in 
accordance with the present invention shown in Fig. 12 is 
used for suppressing the resonance phenomenon described 
above. The diode Dc shown in the figure has the structure 
shown in Figs. 10(a) and 10(b) and is driven by a voltage 
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Vds applied thereto in the reverse direction, which voltage 
is higher than the punch-through voltage Vp described above. 
At a point of time the reverse-direction voltage Vqs 
reaches the magnitude of the punch- through voltage Vp, a 
punch-through current flows as an reverse recovery current, 
suppressing an abrupt decrease in reverse recovery current. 
For this reason, an abrupt increase in voltage Vqs in the 
negative direction is not observed between the terminals of 
the diode Ds. As a result, no resonance phenomenon occurs 
due to the effects of inductances Ls and Ll, allowing a 
reverse recovery characterized with no noise to 
be realized. 

In addition, the present embodiment takes 
advantage of the punch-through current, as is obvious from the 
explanation of the present embodiment. It is thus not 
necessary to increase the thickness of a layer with a low 
impurity concentration in order to provide a carrier 
accumulating region for the flow of the reverse recovery 
current. As a result, the amount of loss which is incurred 
when a current is flowing in the forward direction does not 
increase . 

A description of a snubber diode DS as an examule 
has been given. However, it is obvious that the present 
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invention can also be applied to a flywheel diode Df to 
obtain the same effects as the snubber diode Dq. In this 
case, the present invention has an effect of suppressing 
the resonance phenomenon caused by a combination of the 
inductance Ll and the flywheel diode Dp , which phenomenon 
would otherwise occur during a transition of the switching 
device IGBT to an on state. 

7\nother embodiment provided by the present 
invention is shown in Fig. 14. The diode shown in this 
figure has a structure comprising a plurality of junction 
structures of Figs. 10 (a) and 10 (b) combined with each 
other. The present diode is characterized in that the p* 
conductivity type semiconductor layer 25 on the side of the 
cathode electrode 26 is created more deeply in the n" 
conductivity type semiconductor layer than is the n"*" conductivity 
type semiconductor layer 24. As a result, the magnitude 
of the reverse-direction current for reverse-direction 
voltages higher than the punch- through voltage Vp, at which 
depletion layer reaches the p' conductivity type 
semiconductor layer 25, is greater than that of a structure 
shovjn in Fig. 15 to be described later. 

In the case of the present embodiment, a p* 
conductivity type semiconductor layer 22 with an impurity 
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concentration higher than that of the n" conductivity type 
semiconductor layer 27 and a p" conductivity type 
semiconductor layer 23 (a 5th semiconductor layer) with an 
impurity concentration lower than that of the p* conductivity 
type semiconductor layer 22 are provided alternately on the 
anode side to form alternating stripes. The anode 
electrode 21 is in ohmic contact with the p* conductivity 
type semiconductor layer 22, creating a Schottky barrier 
with the p~ conductivity type semiconductor layer 23. In a 
steady on state, the carrier concentration is reduced in a 
portion of the device facing the Schottky barrier. Since 
the amount of reverse recovery electric charge at recovery 
time is reduced thereby, the switching operation of the 
diode is carried out at a higher speed. 

Further, in a current blocking state, a depletion layer 
widening from a pn junction between the n" conductivity type 
semiconductor layer 27 and the p* conductivity type 
semiconductor layer 22 pinches at the n" conductivity type 
semiconductor layer 27 right below the p" conductivity type 
semiconductor layer 23. Since the intensity of an electric 
field in the Schottky barrier is reduced thereby, the 
magnitude of the leakage current is decreased. On the other 
hand,, an n* conductivity type semiconductor layer 24 with an 
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impurity concentration higher than that of the n' 
conductivity type semiconductor layer 27 and a p* conductivity 
type semiconductor layer 25 with an impurity concentration 
higher than that of the n" conductivity type semiconductor 
layer 27 are provided alternately on the cathode side to 
form alternating stripes parallel to the stripes created on 
the anode side. In addition, since the p* conductivity type 
semiconductor layer 25 is located immediately beneath the 
p" conductivity type semiconductor layer 23, the distance 
from one of the semiconductor layers to the other can be 
minimized. For this reason, the forward-direction voltage 
in a steady on state becomes lower. 

Fig. 15 shov7s a structure of a diode wherein the 
n' conductivity type semiconductor layer 24 created on the 
side of the cathode 26 is deeper than the p* conductivity 
type semiconductor layer 25 created on the same side. In 

general, it is more difficult to dope impurities at a high 
concentration to a p' conductivity type semiconductor than to 
an n* conductivity type semiconductor layer and it is thus 
easier to manufacture a structure wherein the p* conductivity 
type semiconductor layer 25 created on the side of the 
cathode 26 is shallov;er than the n* conductivity type 
semiconductor layer 24 created on the same side. Even if 
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the diode with a structure shown in Fig. 15 is employed, a 
soft inverse recovery characteristic can be obtained by 
adopting the driving technique for the circuit shown in 
Fig. 12. 

Fig. 16 shows the structure of another embodiment 
implementing a diode in accordance with the present 
invention. In the case of the diodes shown in Figs. 14 and 
15, a manufacturing process is required for creating the p* 
conductivity type semiconductor layer 25 on the side of the 
cathode 26. On the contrary, the diode with the structure 
shown in Fig. 16 has a characterizing feature in that a 
manufacturing process for creating the p* conductivity type 
semiconductor layer 25 can be omitted. The characterizing 
feature will be explained in concrete terms as follows. The 
anode electrode 21 and the cathode electrode 26 of the 
diode are created from aluminum or a compound material 
comprising aluminum and silicon. After the electrodes have 
been created, heat treatment at 400 to 500 ''C is carried 
out in order to improve characteristics of electrical 
contact with semiconductor regions. At that time, aluminum 
in the electrodes diffuses to the semiconductor regions, 
creating a layer including the aluminum on each of the 
surfaces of the semiconductor regions. In silicon, since 
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aluminum is an impurity of the p conductivity type, a region 
to which the aluminum has diffused becomes a semiconductor 
region of the p conductivity type. For this reason, the p' 
conductivity type semiconductor layer 25 can be created 
without adding a process for specially creating a p* 
conductivity type semiconductor layer. The semiconductor 
region of the p conductivity type created by the diffusion of 
the aluminum within the electrode is normally about 200 nm. 
Much like the embodiments described previously, the present 
embodiment also exhibits a soft inverse recovery 
characteristic as well. 

In addition, in the case of an embodiment wherein 
an n conductivity type semiconductor layer 91 is provided on 
the side of the cathode electrode 26 of an n" conductivity 
type semiconductor layer 27, as shown in Fig. 17, the same 
soft reverse recovery characteristic as provided by the embodiments 
described previously can be exhibited if the number of 
impurities between the junctions Jl and J2 satisfies the 
condition expressed by Exp. (17). 

In the case of the embodiments shown in Figs. 14 
to 16, the punch- through voltage (that is, the voltage Vp 
shown in Fig. 9) is adjusted mainly by varying the 
thickness of the n' conductivity type semiconductor layer 27, 
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entailing variations in the forward direction voltage. In 
the case of the present embodiment, on the other hand, the 
punch- through voltage can be adjusted by varying the 
impurity concentration or the thickness of the n conductivity 
type semiconductor layer 91 which has a relatively higher impurity 

concentration than n' conductivity type semiconductor 

layer 27. In the case of the present embodiment 
variations in thickness of the n conductivity type 
semiconductor layer required for the adjustment of the 
punch- through Vp are small in comparison 

with the n" conductivity type semiconductor layer for the 
same amount of Vp adjustment, resulting in small variations 
in the forward direction voltage. As a result, a soft 
reverse recovery characteristic can be obtained while 
keeping variations in the forward direction voltage small. 

The diode implemented by the embodiment explained 
above has a structure comprising the p* conductivity type 
semiconductor layer 22 and the p' conductivity type 
semiconductor layer 23 on the side of the anode electrode 
21. In order to obtain the effects given by the method of 
driving the circuit shown in Fig. 12, none the less, the 
structure on the side of the anode electrode 21 does not 

necessarily have to be similar to that in Fig. 17. 
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entire surface can be a p* conductivity type semiconductor 
region 81, as is shown in Fig. 18. In addition, for 
example, a n type semiconductor region can be embedded in a p 
type semiconductor layer on the anode-electrode side- 
Furthermore, instead of the structure on the cathode- 
electrode side, wherein the entire surface of the n" 
conductivity type semiconductor layer 27 is covered by the n* 
conductivity type semiconductor layer 24 and the p' 
conductivity type semiconductor layer 25, a portion of the n~ 
conductivity type semiconductor layer 27 can be brought into 
contact with the cathode electrode 26. Furthermore, the n* 
conductivity type semiconductor layer 24 can be eliminated 
from the structure described above. An important condition 
required in obtaining a soft reverse recovery . 
characteristic by means of the driving method implementing 
the present invention is for the diode to have a structure 
wherein a punch- through phenomenon occurs at a reverse- 
direction voltage below a voltage which results in an 
avalanche breakdown, causing a punch- through current to 
f low. 

Figs. 19(a) to 19(c) show a layout pattern of the 
p* conductivity type semiconductor layer 25 and the n* 
conductivity type semiconductor layer 24 on the side of the 
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cathode electrode 26 of another embodiment implementing a 
diode in accordance with the present invention. Fig. 19(a) 
shows a structure wherein the p* conductivity type 
semiconductor layer 25 and the n* conductivity type 
semiconductor layer 24 are laid out to form stripes. 
Fig. 19(b) shows a structure wherein the p* conductivity type 
semiconductor layer 25 encloses the n* conductivity type 
semiconductor layer 24. Fig. 19(c) shows a structure 
wherein the n* conductivity type semiconductor layer 24 
encloses the p* conductivity type semiconductor layer 25. It 
is obvious from the figures that the structure of an 
embodiment implementing a diode in accordance with the 
present invention is not dependent on the relative layout 
of the p* conductivity type semiconductor layer 25 and the n* 
conductivity type semiconductor layer 24. Any structure can 
be adopted as long as the p* conductivity type semiconductor 
layer 25 and the n* conductivity type semiconductor layer 24 
are brought into contact with the n" conductivity type 
semiconductor layer 27 and the cathode electrode. The rate 
of increase in current (that is, the current gradient) for 
reverse-direction voltages higher than the punch- through 
voltage Vr can be changed in accordance with a ratio of the 
area of the p* conductivity type semiconductor layer 25 to 
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the area of the conductivity type semiconductor layer 24. 
The area ratio can be set at a value according to the 
objective of the application. 

Figs. 20(a) and 20(b) are views showing cross 
sections of embodiments implementing devices in accordance 
with the present invention. In each of the semiconductor 
devices described previously, the current flows in the top-down 
direction in the state shown in the figure. However, not 
only does the scope of the present invention cover devices 
having such a structure, but the present invention is also 
effective for a device in which the current flows in the 
horizontal direction as is shown in Figs. 20(a) and 20(b). 
Figs. 20(a) and 20(b) show an IGBT 10 and a diode, 
respectively . 

The IGBT 10 shown in Fig. 20(a) operates as 
follows. In order to turn on the IGBT 10, a positive 
voltage relative to an emitter electrode E, which voltage 
has a magnitude greater than the threshold voltage, is 
applied to the gate electrode G. At that time, the surface 
of a p* conductivity type semiconductor region 104 is inverted 
into the n type, connecting an n* conductivity type 
semiconductor region 102 to an N" conductivity type 
semiconductor region 106. As a result, electrons flow from 
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the n* conductivity type semiconductor region 102 to the N' 
conductivity type semiconductor region 106. These electrons 
draw out holes from a P* conductivity type semiconductor 
region 105. The holes then flow to the emitter electrode E 
through the p' conductivity type semiconductor region 104, 
putting the IGBT 10 in a turned-on state. In order to turn 
the IGBT 10 off, a negative voltage is applied to the gate 
electrode G. The negative voltage stops the injection of 
electrons from the n* type semiconductor region 102, 
causing the IGBT 10 to enter a turned-off state. 

The device provided by the present invention is 
characterized in that the device includes an N* conductivity 
type semiconductor region 103 and, in an off state, a 
depletion layer widening from a junction JlOl reaches the 
p* conductivity type semiconductor region 105 at a voltage 
lower than the avalanche breakdown voltage at a location in 
close proximity to the junction JlOl. That is to say, the 
number of impurities in the N* conductivity type 
semiconductor region 106 between the- p* conductivity type 
semiconductor region 104 and the P' conductivity type 
semiconductor region 105 satisfies Exp. 17. Since it is 
easy to understand that even an IGBT having such a 
structure can exhibit the cur rent- vol tage characteristic 
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shown in Fig. 1, detailed explanation is oinitted. In 
brief, the voltage at which the depletion layer reaches 
the junction J102 is the voltage value Vj and, at the 
voltage value Vp, an avalanche-breakdown phenomenon occurs 
at a location in close proximity to the junction JlOl due 
to holes injected from the P* conductivity type 
semiconductor region 105. 

Fig. 20(a) shows a structure in which the P* 
conductivity type semiconductor region 105 is provided 
between the P* conductivity type semiconductor region 104 and 
the N* conductivity type semiconductor region 103. However, 
the scope of the present invention is not limited to such 
an arrangement. The N' conductivity type semiconductor 
region 103 can be provided between the P* conductivity type 
semiconductor region 104 and the P* conductivity type 
semiconductor region 105. In addition, the structure shown 
in the figure can be designed so that the P' conductivity 
type semiconductor region 105 has a deeper junction than 
the conductivity type semiconductor region 103, That is 
to say, the structure shown in Fig.20(a)can be designed 
so that the P' conductivity type semiconductor region 105 is 
closer to an W* conductivity type semiconductor region 108 
than is the N*^ conductivity type semiconductor region 103, 
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which may be converse. In this case, the N" conductivity 
type semiconductor region 106 through which the depletion 
layer widens is connected to the collector electrode C by a 
lower resistance. As a result, the rate of increase in 
current for blocking-direction voltages higher than the 
voltage value Vj at which the depletion layer reaches the 
junction J102 is smaller than that of the structure shown 
in Fig. 20 (a), resulting in the differential 
resistance being increased. This implies that, by adjusting 
the relation between the junction depth of the P* 
conductivity type semiconductor region 105 and the junction 
depth of the conductivity type semiconductor region 103, 
the differential resistance for blocking-direction voltages 
higher than the voltage value V, can be set at any 
arbitrary value, allowing a device with a differential 
resistance most suitable for the configuration of an 
application circuit to be provided. 

In addition, the region 107 shown in Figs. 20(a) 
and 20(b) is an electrical isolation region. If the N" 
conductivity type semiconductor layer 106 is made 
sufficiently wider than the N" conductivity type 
semiconductor region between the junctions JlOl and J102, 
it is no longer necessary to provide this electrical 
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isolation region. In this case, a region of the N" 
conductivity type semiconductor layer 106 on the side of the 
l^* conductivity type Semiconductor layer 108 functions as an 
electrical isolation region. 

In a diode with a structure shown in Fig. 20(b), 
a current flows in a forward direction through an anode 
electrode A, a P* conductivity type semiconductor region 
1012, a N' conductivity type semiconductor region 1013, a N* 
conductivity type semiconductor region 1010 and a cathode 
electrode K. This diode provided by the present invention 
is characterized in that the diode includes a P* conductivity 
type semiconductor layer 1011 and, in an off state 
established by a positive voltage relative to the anode 
electrode A applied to the cathode electrode K, a depletion 
layer widening from a junction J103 reaches the P' 
conductivity type semiconductor region 1011 at a voltage 
lower than the avalanche breakdown voltage at a location in 
close proximity to the junction JlOl. Also, in the case of 
this diode, the voltage at which the depletion layer 
reaches the P' conductivity type semiconductor layer 1011 is 
the voltage value V, shown in Fig. 1 and, at the voltage 
value V:, an avalanche-breakdown phenomenon occurs at a 
location in close proximity to the junction J103 due to 
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holes injected from the conductivity type semiconductor 
region 1011 at a voltage higher than the voltage value V,. 

It should be noted that, as in the case of the 
diode having a structure shov/n in Fig. 20(b), the junction 
depth of the P* conductivity type semiconductor region 1011 
and the junction depth the N* conductivity type semiconductor 
region 1010 are not prescribed by the relation shown in the 
figure. That is to say, the P* conductivity type 
semiconductor region 1011 can be made deeper than the N* 
conductivity type semiconductor region 1010. It is worth 
noting that, in this case, the effect on the blocking- 
direction current-voltage characteristic is the same as the 
case shown in Fig. 20(a), ma)cing it unnecessary to repeat 
the explanation here. The region lOlA is an electrical 
isolation layer similar to the electrical isolation layer 
shown in Fig. 20(a). 

Fig. 21 shows an embodiment which implements the 
circuit shown in Fig. 3(a) as an inverter circuit of a 
three-phase induction motor. As shown in the figure, two 
IGBTs 11 and 12, each serving as a switching device , are 
connected to each other in series for each phase of the 
three-phase induction motor. In addition, a flywheel diode 
Dr is connected in parallel to each of the sv%ritching 



- 68 - 



devices. Furthermore, a so-called snubber circuit S is 
connected also in parallel to each of the switching devices 
in order to protect the switching device against an abrupt 
increase in voltage which occurs during switching. The 
snubber circuit comprises a capacitor Cs connected in 
series to a parallel circuit composed of the diode Ds and 
the resistor Rs- The junction points each existing between 
two switching devices associated with one of the three 
phases are connected to alternating-current terminals T3, T4 
and T5 which are connected to the three-phase induction 
motor. The anode terminals of the three switching devices 
on the upper-arm side are connected by a common line to a 
direct-current terminal Ti which is connected to the high- 
potential side of a direct-current power supply. Likewise, 
the cathode terminals of the three switching devices on 
the lower-arm side are connected by a common line to a 
direct-current terminal T? which is connected to the low- 
potential side of the direct-current power supply. With 
the inverter circuit having such a configuration, a 
direct-current power is converted into an alternating- 
current power by switching operations of the switching 
devices , which alternating-current power is then used 
for driving the three-phase induction motor. 
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Since it is easy to understand the operation of 
the inverter circuit shown in Fig. 21 once the operation of 
the circuit shown in Fig, 3(a) is understood, the 
explanation of the inverter circuit's operation is omitted. 
It should be noted that, as a matter of course, the IGBT 
serving as a switching device and the flywheel diode Dp and 
the snubber diode Ds employed in the inverter circuit are 
devices which each exhibit the blocking-direction current- 
voltage characteristic shown in Fig. 1 and have the actual 
structures shown in the above-mentioned embodiment. 
Circuit constants are set so that, if necessary, the 
voltage applied to each of the devices in the cut-off state 
thereof exceeds the voltage value Vi . For this reason, in 
the case of the inverter circuit implemented by the present 
embodiment, the differential resistance at the voltage 
value Vi allows the resonance phenomenon of the current and 
voltage to be suppressed, the possibility of the occurrence 
of a malfunction in the inverter circuit and the amount of 
electromagnetic noise to be substantially reduced and the 
generation of an excessively large voltage to be 
suppressed . 

As described above, the power converting circuit 
implemented by the present embodiment has a configuration 
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which includes a snubber circuit. It should be noted, 
however, that if the power converter employs a heat 
dissipating unit which prevents the switching device and 
the flywheel diode from being thermally damaged by heat 
dissipated thereby , even if all energy accumulated in the 
parasitic inductance Ll of wires of the main circuit is 
expended in the switching device and the flywheel diode, 
the snubber circuit is not necessarily required. The most 
valuable merit that the embodiment shown in Fig. 21 offers 
is the fact that the amount of electromagnetic noise and 
the excessively large voltage can be substantially 
suppressed by merely substituting the semiconductor devices 
provided by the present invention for the semiconductor 
devices employed in the conventional power converting 
apparatus, without the need to change the circuit 
configuration thereof . 

It should be noted that a power converting 
apparatus provided by the present invention can be 
effectively implemented not only by the circuit 
configuration of the present embodiment described above, but 
the same effect can also be obtained by using any circuit 
employing semiconductor devices each having such a 
structure that, at voltages higher than the voltage value 
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Vi applied to the semiconductor device in a blocking state, 
a current flows and, as the applied voltage further 
increases, exceeding the voltage value V2, the current 
starts to increase abruptly. In addition, the structure of 
the diode employed in the power converting apparatus to 
which the present invention is applied is not limited to 
the one implemented by the embodiment explained so far. 
The diode can have any structure as long as a current flows 
at voltages higher than the voltage value Vj applied to the 
diode in a blocking state, and, as the applied voltage 
further increases, exceeding the voltage value V^, the 
current starts to increase abruptly at a rate higher than 
the rate of increase in current for blocking-direction 
voltages between the voltage values V) and V2 . 

Moreover, in the semiconductor devices described above, 
the layout of the P conductivity type semiconductor 
region and the N conductivity type semiconductor region 
can be reversed. In such a scheme, the depletion layer 
mainly widens in the P" conductivity type semiconductor 
region . 

Fig. 22(a) shows 3" einbodiraent for impleinentine the 
circuit shown in Fig. 5 as an inverter circuit of a three- 
phase induction motor. As shown in the figure, two 
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switching devices are connected to each other in series for 

each phase of the three-phase induction motor. In 

addition, a flywheel diode Dp is connected in parallel to 

each of the switching devices. Furthermore, the so-called 

snubber circuit S is connected also in parallel to each of 

the switching devices in order to protect the switching 

device against an abrupt increase in voltage which occurs 

during svjitching. A gate driving circuit, as shown in detail in 

Fig. 22(b), and an overvoltaRe protection circuit, as shown in detail in Fig. 

22(c), are connected to the Rate electrode of each of the switching devices. 

The junction points each existing between two 
switching devices associated with one of the three phases 
are connected to alternating-current terminals T3, T4 and T5 
which are connected to the three-phase induction motor. 
The anode terminals of the three switching devices on the 
upper-arm side are connected by a common line to a direct- 
current terminal Ti which is connected to the high- 
potential side of a direct-current power supply. Likewise, 
the cathode terminals of the three switching devices on the 
lower-arm side are connected by a common line to a direct- 
current terminal Tr which is connected to the low-potential 
side of the direct-current power supply. With the inverter 
circuit having such a configuration, a direct-current power 
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is converted into an alternating-current power by switching 
operations of the switching devices, which alternating 
current power is then used for driving the three-phase 
induction motor. 

Since it is easy to understand the operation of 
the inverter circuit shown in Fig. 22 once the operation of 
the circuit shown in Fig. 5 is understood, the explanation 
of the inverter circuit's operation is omitted. It should 
be noted that, as a matter of course, the actual 
configurations of the overvoltage protection circuit and 
the gate driving circuit are the same as those shown in 
Fig. 5. The overvoltage protection circuit controls the 
gate voltage in accordance with the magnitude of the 
voltage between the main terminals of the switching device. 
The overvoltage protection circuit controls the switching 
device in such a way that, the current flowing through the 
switching device increases gradually at voltages higher 
than the voltage value Vi applied to the switching device 
in a blocking state, and, as the applied voltage further 
increases, exceeding the voltage value V-, the current 
starts to increase abruptly at a rate higher than the rate 
of increase in current for blocking-direction voltages 
between the voltage values V, and . For this reason, in 
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the case of the inverter circuit implemented by the present 
embodiment, the differential resistance at the voltage 
value Vi allows the resonance phenomenon of the current and 
voltage to be suppressed, the possibility of the occurrence 
of a malfunction in the inverter circuit and the amount of 
electromagnetic noise to be substantially reduced and the 
generation of an excessively large voltage to be 
suppressed . 

As described above, the power converting circuit 
implemented by the present embodiment has a configuration 
which includes a snubber circuit. It should be noted, 
however, that if the power converter employs a heat 
dissipating unit which prevents the switching device and 
the flywheel diode from being thermally damaged by heat 
dissipated thereby, even if all energy accumulated in the 
parasitic inductance Ll of wires of the main circuit is 
expended in the switching device and the flywheel diode, 
the snubber circuit is not necessarily required. The most 
valuable merit that the embodiment shown in Fig. 22 offers 
is the fact that the amount of electromagnetic noise and 
the excessively large voltage can be substantially 
suppressed by merely adding overvoltage protection circuits 
provided by the present invention. In addition, the 
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embodiment shown in Fig. 22 is characterized in that the 
voltage value V, at which the current starts to increase 
gradually, the voltage value V? at which the current 
increases abruptly, as well as the current-voltage 
characteristic for blocking-direction voltages between the 
voltage values Vi and V? and for blocking-direction 
voltages higher than the voltage value can be changed 
with a high degree of freedom by merely changing the 
breakdown voltages of the avalanche diodes ZDl, ZD2 and ZDS 
and the resistances of the resistors Rl, R2 and R3 employed 
in the overvoltage protection circuit . 

Figs. 23(a) to 23(c) show an embodiment for 
implementing the circuit shown in Fig. 6(a) as an inverter circuit. 
Since the inverter circuit is the same sfi the circuits shown in FiRS. 21 
and 22(a), the explanation of the inverter circuit shown in 
Figs. 23(a) to 23(c) is omitted. The power converting 
apparatus implemented by the present embodiment has a 
configuration wherein the circuit comprising the avalanche 
diodes ZD61 and ZD62 and the resistor R61 shown in Fig. 6(a) 
is connected in parallel to a switching device. 

It is easy to understand the operation of the 
inverter circuit shown in Figs. 23(a) to 23(c) once the 
operation of the circuit shown in Fig. 6(a) is understood. As 
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has been described by referring to Fig* 6(a), the circuit 
comprising the avalanche diodes ZD61 and ZD62 and the 
resistor R61 exhibits a current-vol tage characteristic, 
according to which, the current flowing through the circuit 
starts to increase gradually as the voltage applied to the 
circuit in a blocking state of the switching devices 
becomes equal to the voltage value Vi and, as the applied 
voltage further increases, exceeding the voltage value V?, 
the current increases abruptly. For this reason, in the 
case of the inverter circuit implemented by the present 
embodiment, the differential resistance developed at 
blocking-direction voltages higher than the voltage value 
Vi allows the resonance phenomenon of the current and 
voltage to be suppressed, the possibility of the occurrence 
of a malfunction in the inverter circuit and the amount of 
electromagnetic noise to be substantial ly reduced and the 
generation of an excessively large voltage to be 
suppressed . 

As described above, the power converting circuit 
implemented by the present embodiment has a configuration 
which includes a snubber circuit. It should be noted, 
however, that if the power converter employs a heat 
dissipating unit which prevents the switching device and 
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the flywheel diode from being thermally damaged by heat 
dissipated thereby ,even if all energy accumulated in the 
parasitic inductance Ll of wires of the main circuit is 
expended in the switching device and the flywheel diode, 
the snubber circuit is not necessarily required. The most 
valuable merit that the embodiment shown in Figs. 23(a) to 
23(c) offers is the fact that the amount of electromagnetic 
noise and an excessively large voltage can be 

substantially suppressed by merely adding extremely simple 
circui t s , each comprising avalanche diodes and a resistor, to 
the conventional power converting apparatus- In addition,, 
the embodiment shown in Figs. 23(a) to 23(c) is also 
characterized in that the effect of suppressing the 
electromagnetic noise and an extremely large voltage can 
be varied with a high degree of freedom by merely changing 
the brea)cdown voltages of the avalanche diodes ZD61 and 
ZD62 and the resistance of the resistors R61 . It should be 
noted that the circuit comprioinq avalanche diodes and 
resistors can also have a configuration shown in Figs. 
23 (b) or 23 (c) . 

In the embodiments of the present invention 
described so far, the differential resistance for blocking- 
direction voltages higher than the first voltage value V, 
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does not have to have a fixed value. That is to say, the 
differential resistance may vary with the blocking- 
direction voltage. In this case, it is even nicer to have 
a characteristic, according to which, the differential 
resistance decreases gradually with an increase in 
blocking-direction voltage. Note that it is desirable to 
have a differential resistance satisfying Exp. 6 for all 
blocking-direction voltages higher than the voltage value 
Vi . None the less, it is not necessary to adhere to this 
condition. That is to say, a differential resistance 
satisfying Exp. 6 for at least an arbitrary blocking- 
direction voltage is also acceptable. 

Furthermore, in the present invention, the 
blocking-direction voltage V, at which a current starts to 
flow gradually can be set at a value higher by 5% to 20% 
than the voltage applied to the apparatus in a steady 
state, normally, the voltage of the power supply. In 
addition, it is desirable to set the voltage V2 at which 
the current increases abruptly at a value higher by 50% to 
100% than the voltage applied to the apparatus in the 
steady state. The reason for setting the voltage V, at 
such a value is that, if the voltage V, is set at a value 
lower than the voltage applied to the apparatus in a steady 
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state, a blocking-direction current will flow in a steady 
state other than a switching operation of the apparatus, 
causing a lot of loss to be incurred • As for the reason 
for setting the voltage at such a value, setting the voltage V2 
at too large a value will give rise to a problem that the 
apparatus itself and other equipment connected in parallel 
to the apparatus inevitably entail a breakdown voltage even 
higher than the voltage value V2 • 

It is needless to say that the technical term 
avalanche diode used in the description of the invention 
also implies a device such as a Zener diode or a varistor 
wherein a current starts to flow abruptly at a prescribed 
voltage. What is important is that the device has a 
structure wherein, up to a certain voltage, only a leakage 
current flows but, as the voltage reaches a certain level, 
the current abruptly increases. 

Furthermore, the scope of the present invention 
is not limited to inverter circuits. The present invention 
can also be applied to a variety of power controlling 
apparatuses and power converting apparatuses such as 
converter circuits and chopper circuits as well as a 
variety of switching power supplies. 

As described above, according to the present 



- 80 - 



invention, energy accumulated in elements of a circuit, such 
as inductances , can be expended in a differential resistance 
of the circuit or a semiconductor device, preventing 
electromagnetic noise and an excessively large voltage from 
being generated during a transition of the circuit or the 
semiconductor device to a cut-off state. As a result, a 
malfunction of the circuit due to electromagnetic noise 
can be prevented from occurring and components of the 
circuit can be prevented from being damaged by an 
excessively large voltage. 



